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Abstract 
This study aimed to isolate and characterize bacteriophages infecting Chryseobacterium sp., an opportunistic 
pathogen responsible for considerable mortality in rainbow trout (Oncorhynchus mykiss Walbaum, 1792) 
aquaculture. Chryseobacterium isolates were recovered from diseased trout collected from aquaculture 
facilities in Mersin and Van (Türkiye) using Anacker–Ordal medium. Identification was performed through API 
20E/20ZYM biochemical profiling and 16S rRNA gene sequencing. Antibiotic susceptibility was evaluated by the 
Kirby–Bauer disk diffusion method following CLSI and EUCAST guidelines. Phages were isolated from water 
samples via 0.22 μm filtration and purified using the double-layer agar method. Antimicrobial susceptibility 
testing revealed that Chryseobacterium isolates were sensitive to enrofloxacin, oxolinic acid, and ciprofloxacin, 
but exhibited pronounced resistance to most β-lactam and aminoglycoside antibiotics. A total of 19 lytic 
phages (CV1 – CV19) were successfully isolated. They displayed latent periods between 2.5 and 7.5 h and burst 
sizes ranging from 20 to 235 PFU per cell. The highest burst size and shortest latent period were recorded for 
the CV5 phage. Adsorption rate constants showed phage-specific variability, with overall values ranging from 
1.05×10⁻⁶ to 2.55×10⁻⁶ mL·min⁻¹. Genome sizes were estimated at 48 – 75 kb. TEM revealed typical tailed 
morphologies consistent with the order Caudovirales. Host range assays showed strong species specificity, 
with limited cross-activity against Flavobacterium psychrophilum and Enterococcus faecalis. The findings 
confirm that these phages possess traits favorable for use as eco-friendly biocontrol agents, offering a 
promising strategy to mitigate Chryseobacterium-associated infections and reduce antibiotic dependence in 
trout hatcheries.   
 
Keywords: aquaculture; bacteriophage; Chryseobacterium; phage therapy 

 

1 | INTRODUCTION 
Aquaculture is a rapidly expanding food sector worldwide 
and meets a substantial share of the global population’s 
protein demand. Aquaculture is continually challenged by 
environmental stressors and the presence of pathogenic 
microorganisms that are part of the aquatic ecosystem 

(Stephen et al. 2023). In particular, during sensitive de-
velopmental stages when the fish immune system is 
weakened, pathogenic bacteria can adversely affect fish 
health (Wang et al. 2020). This situation both causes mor-
talities in aquaculture, leading to economic losses, and 
threatens the sustainability of the sector (Rosado et al. 
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2019). Bacterial diseases in aquaculture increase produc-
tion costs, reduce product quality, and in some cases lead 
to mass fish mortalities. Therefore, effective control of 
bacterial infections in aquaculture is critical for the sus-
tainability of the industry (De Schryver et al. 2012). In this 
context, alongside many aquatic pathogenic bacteria, 
species of Chryseobacterium are among the important 
bacterial pathogens associated with diseases in commer-
cially valuable trout (e.g. Salmo trutta and Oncorhynchus 
mykiss) (Loch and Faisal 2014). The genus Chryseobacte-
rium comprises gram-negative, aerobic, rod-shaped bac-
teria. While these bacteria are commonly found in aquat-
ic ecosystems, their opportunistic pathogenicity can lead 
to various infections in fish species and cause mortalities 
(Huang 2025). Indeed, studies have reported that Chrys-
eobacterium piscicola has caused deaths in Atlantic salm-
on (Salmo salar) and rainbow trout (O. mykiss) farmed in 
Chile and Finland, and that Chryseobacterium chaponense 
has likewise caused mortalities in Atlantic salmon reared 
in Chile (Kämpfer et al. 2015; Saticioglu et al. 2019). In a 
study conducted in Türkiye, the Chryseobacterium sp. 
strain C-204—responsible for mortalities in trout fry—was 
characterized and reported as an opportunistic pathogen 
(Saticioglu et al. 2019). 

As with many pathogenic bacteria, antibiotic use is 
the most commonly preferred approach to control Chrys-
eobacterium sp. In treating diseases caused by Chryseo-
bacterium species, oxytetracycline, florfenicol, enrofloxa-
cin, and, more rarely, antibiotics with amoxicillin or sul-
famethoxazole–trimethoprim as active ingredients are 
typically employed (Loch and Faisal 2014). However, in 
recent years, antibiotic applications have become one of 
the most debated issues (Mohammed et al. 2025). Today, 
resistance mechanisms arising from the indiscriminate 
use of antibiotics constitute a major unresolved chal-
lenge. One of the major challenges in the management of 
Chryseobacterium-associated infections is the increasing 
prevalence of antimicrobial resistance, which substantial-
ly limits effective treatment options (Saticioglu et al. 
2021). Comprehensive investigations have clearly demon-
strated that these bacteria can develop resistance to 
broad-spectrum antibiotics, including β-lactams, amino-
glycosides, and tetracyclines (Michel et al. 2005). Accord-
ingly, there is a clear need for new, environmentally 
friendly, and cost-effective methods to control disease. In 
this regard, phage therapy has emerged as a promising 
alternative. 

In recent years, bacteriophages (phages) have at-
tracted attention as an innovative biocontrol strategy for 
managing bacterial infections. Phages are viruses that 
infect only the host bacterium and eliminate it through 
lysis (Nhung et al. 2025). Naturally present in aquatic eco-
systems, phages can act against pathogens with high 
specificity, thereby sparing beneficial microbiota (Üstün-
dağ 2025). Moreover, using phages as therapeutic agents 

holds great potential for curbing the spread of antibiotic 
resistance. To date, there are no phage studies specifical-
ly targeting diseases caused by Chryseobacterium sp. in 
aquaculture. It is evident that further phage research on 
Chryseobacterium sp. is needed for effective disease con-
trol. 

This study aims to develop an effective bacterio-
phage against Chryseobacterium sp., a pathogen that 
causes serious economic losses in trout production—an 
important species in both global and national aquacul-
ture—and that has developed resistance to antibiotics. In 
this context, this is the first isolation and characterization 
of Chryseobacterium sp. phages, its antibiotic resistance 
mechanisms, and the potential role of phages in aquacul-
ture will be examined in detail. The study is expected to 
contribute to the development of alternative approaches 
in aquatic animal disease management and to environ-
mental sustainability. 
 
2 | METHODOLOGY 
2.1 Isolation of bacteria 
In this study, for the isolation of Chryseobacterium sp., 
samples were collected from newly dead diseased fish in 
trout farms located in Mersin and Van (Türkiye) between 
May and October 2024. The fish were transported to the 
laboratory under a cold chain, and inoculations from the 
liver, spleen, kidney, and gills of fry were performed onto 
Anacker–Ordal medium under aseptic conditions. The 

inoculated plates were incubated at 20 – 25C for 3 – 5 
days. At the end of incubation, yellow-pigmented colonies 
resembling Chryseobacterium sp. were observed on the 
medium. Individual colonies were subcultured repeatedly 
until a single colony was obtained, and pure cultures were 
established (Li et al. 2025). 
 
2.2 Identification of bacteria 
For identification of Chryseobacterium sp., rapid diagnos-
tic kits (API 20E and API ZYM, bioMérieux) were used to 
determine biochemical characteristics, and bacterial iden-
tification was confirmed by 16S rRNA analysis (Oosthuizen 
2018).  For phenotypic characterization, Gram staining, 
cytochrome oxidase, catalase, motility by hanging drop, 
starch hydrolysis, gelatin hydrolysis, oxidation–
fermentation (O/F) test, and detection of flexirubin pig-
ment were performed. In addition, API ZYM and API 20E 
test kits were used to determine the biochemical profile 
of the strain (see Tables S1 – S3). Isolated colonies were 
incubated on Anacker–Ordal medium for 24 h. For species 
determination, DNA was extracted from the isolates using 
the GeneMATRIX kit (EurX, Poland) according to the man-
ufacturer’s instructions. DNA quantity and purity were 
assessed with a NanoDrop 2000 spectrophotometer 
(Thermo Scientific, USA). Universal primers 27F–1492R 
were used for PCR amplification, carried out with FIRE-
Pol® DNA polymerase (Solis Biodyne, Estonia). The ther-
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mal cycling protocol consisted of an initial denaturation at 

95C for 5 min; 40 cycles of 95C for 45 s, 57C for 45 s, 

and 72C for 60 s; followed by a final extension at 72C 
for 5 min. Amplicons were analyzed by electrophoresis on 
1.5% agarose gels (1 × TAE buffer) and visualized under 
UV. Single-band products were purified using the 
HighPrep™ PCR Clean-up System (MAGBIO, AC-60005). 
Sanger sequencing was performed at Macrogen (The 
Netherlands) using an ABI 3730XL instrument and the 
BigDye Terminator v3.1 Cycle Sequencing Kit (Applied 
Biosystems, USA). Forward (27F) and reverse (1492R) 
reads were assembled into contigs to generate consensus 
sequences (Stenholm et al. 2008). 
 
2.3 Antibiotic susceptibility testing 
Antibiotic susceptibilities of the isolated and identified 
Chryseobacterium sp. strain were determined by the Kir-
by–Bauer disk diffusion method in accordance with the 
standards of the Clinical and Laboratory Standards Insti-
tute (CLSI) and the European Committee on Antimicrobial 
Susceptibility Testing (EUCAST) (CLSI 2014; EUCAST 2019).  
Disks (Oxoid, Basingstoke, UK) of antibiotics commonly 
used in trout were tested: sulfamethoxazole (25 µg), 
erythromycin (15 µg), enrofloxacin (5 µg), florfenicol (30 
µg), oxolinic acid (2 µg), ampicillin (10 µg), neomycin (10 
µg), trimethoprim (5 µg), oxytetracycline (30 µg), amoxi-
cillin (10 µg), clindamycin (2 µg), rifampicin (5 µg), gen-
tamicin (10 µg), amikacin (30 µg), tetracycline (30 µg), 
ciprofloxacin (10 µg), chloramphenicol (30 µg), piperacillin 
(100 µg), piperacillin–tazobactam (100/10 µg), cefotaxime 
(30 µg), ceftazidime (30 µg), cefepime (30 µg), aztreonam 
(30 µg), imipenem (10 µg), meropenem (10 µg), kanamy-
cin (30 µg), streptomycin (10 µg), doxycycline (30 µg), 
minocycline (30 µg), norfloxacin (10 µg), ofloxacin (5 µg), 
and nalidixic acid (30 µg). The identified Chryseobacte-
rium sp. strain was inoculated into Anacker–Ordal broth 

and incubated at 20 – 25C for 3 – 5 days. A bacterial sus-
pension adjusted to 0.5 McFarland (≈1×10⁸ CFU mL

–1
) was 

prepared and 0.1 mL was spread evenly onto Mueller–
Hinton agar (Sigma-Aldrich, UK; 3 g L

–1
). Approximately 15 

min after inoculation, antibiotic disks were placed using 
sterile forceps. Following incubation, inhibition zones 
were measured with callipers and interpreted according 
to CLSI/EUCAST criteria. Each assay was performed at 
least in triplicate, and results were calculated as the mean 
of replicates (EUCAST 2019). 
 
2.4 Isolation of bacteriophages and double-layer agar 
plaque method 
Water samples for phage isolation were collected from 
tanks containing newly dead diseased fish at trout farms 
in Mersin and Van, and were logged (Table S3). Each 
sample was transferred into 15 mL Falcon tubes and cen-
trifuged at 10,000 × g for 10 min, then gently filtered 
through 0.22 µm membranes (Wang et al. 2017). For en-

richment, each filtrate (1 mL) was mixed with 1 mL of 
Chryseobacterium sp. culture in Anacker–Ordal broth and 

incubated at a constant temperature of 20C for 5 days. 
Temperature was strictly controlled using an incubator 
throughout the entire enrichment period to avoid fluctua-
tions that could affect phage-host interaction kinetics. 
The selected temperature reflects the optimal growth 
conditions of Chryseobacterium sp. and is consistent with 
temperatures commonly used for the isolation of phages 
infecting members of the family Flavobacteriaceae. Fol-
lowing enrichment, chloroform (50 µL mL

–1
) was added to 

the supernatant, which was subsequently clarified and re-
filtered through 0.22 µm membranes (Sundell et al. 
2020). The presence of phages in the supernatant was 
assessed using the double-layer agar method. Briefly, 100 
µL of phage preparation was mixed with 300 µL of Chrys-
eobacterium sp. culture in the exponential growth phase 

(18 – 24 h) and incubated at 20C under constant tem-
perature conditions for 30 min. The mixture was then 
combined with 4,000 µL of molten soft agar (top agar, 

0.4%) maintained at 48 – 50C and immediately poured 
onto previously prepared plates. Plates were incubated at 

20C for 3 – 5 days, after which plaque formation was 
recorded. 
 
2.5 Single-plaque isolation 
Phages exhibiting lytic activity were purified by single-
plaque isolation. A total of 100 µL of phage preparation 
was mixed with 500 µL of Chryseobacterium sp. in the 

exponential phase (18 – 24 h) and incubated at 20 – 25C 
for 30 min. After mixing with 4,000 µL of top agar (0.4%) 

at 48 – 50C, the mixture was poured onto plates and 

incubated at 20 – 25C for 3 – 5 days. A single, well-
isolated plaque was picked with a sterile Pasteur pipette, 
transferred into SM buffer, and gently agitated for at least 
2 h. Following chloroform extraction (32 µL mL

–1
) and 

centrifugation (9,000 × g, 20 min), the filtrate was trans-
ferred to a sterile tube. This procedure was repeated at 
least three times. The host was reinfected and plaque 
purification was repeated to obtain a single phage clone 
(Stenholm et al. 2008). 
 
2.6 Determination of kinetic parameters of bacterio-
phages 
A total of 500 µL of phage preparation with a known ini-
tial titer (10

7
 PFU mL

–1
) was mixed with 1,000 µL of Chrys-

eobacterium sp. in the exponential phase (10⁸ CFU mL
–1

), 
resulting in a multiplicity of infection (MOI) of approxi-

mately 0.05 and incubated at 20 – 25C for 10 min. After 
centrifugation, the bacteria were resuspended in 1,000 µL 
of cold Anacker–Ordal broth and then combined with 60 
mL of cold Anacker–Ordal broth. Aliquots were sampled 
every 30 min for 8 h and plated using the double-layer 

agar method, followed by incubation at 20 – 25C 
(Stenholm et al. 2008). Plaques were counted and rec-
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orded. All single-step growth experiments were per-
formed in triplicate (n = 3) as independent biological rep-
licates. A plateau in phage titers indicated the latent peri-
od (Gümüştaş 2015). Burst size was calculated as the ratio 
of the maximum phage titer (PFU/mL) reached after the 
latent period to the phage titer measured during the la-
tent period, according to the following equation: 

Burst size = Maximum phage titer (PFU/mL) / Phage ti-
ter during the latent period (PFU/mL) 

For adsorption assays, Chryseobacterium sp. cultures (30 
mL, exponential phase) were mixed with phages at the 

same initial MOI and incubated at 20 – 25C. Samples 
were taken every 5 min for 30 min, diluted 1:10 in SM 
buffer containing chloroform (50 µL mL

–1
), mixed thor-

oughly, and centrifuged (5,000 × g, 3 min). Supernatants 
were promptly plated by the double-layer method and 

incubated at 20 – 25C; plaques were then enumerated 
(Castillo et al. 2022). Each adsorption experiment was 
conducted in triplicate. The percentage adsorption was 
calculated from the titer of unabsorbed phages in the 
supernatant as: 

%adsorption = (Initial titer – Post-adsorption titer) / 
Latent-period titer × 100. 
 

The adsorption constant (K) was computed as: 
K = (2.3 / B t)  log x (P0 / P) 

where K is the adsorption constant, B is the bacterial con-
centration (cells mL⁻¹), t is time, P0 is the PFU at time zero, 
and P is the PFU remaining in the supernatant. All kinetic 
parameters are presented as mean ± standard deviation 
(SD) calculated from three independent experiments. 
 

2.7 Determination of phage host range 
To determine whether the purified phages were specific 
to Chryseobacterium sp., spot tests were performed 
against nine Chryseobacterium sp. isolates obtained in 
this study and the following bacterial strains: Flavobacte-
rium psychrophilum, Chryseobacterium sp., Chryseobacte-
rium chaponense, Chryseobacterium spp., Enterococcus 
casseliflavus, Salmonella Typhimurium, Staphylococcus 
aureus, Pseudomonas aeruginosa, Bacillus subtilis spiz-
izenii, Enterobacter hormaechei, Escherichia coli, Entero-
coccus faecalis, and Pseudomonas putida. 
 
2.8 Electron microscopy of bacteriophages 
Phage suspensions were mixed 1:10 with 2.5% glutaral-
dehyde buffer and incubated at room temperature for 5 
min. The suspensions were then applied onto Formvar–
carbon-coated copper grids and allowed to adsorb for 2 
min at room temperature. Excess fluid was removed with 
filter paper. Phages were negatively stained with 2% ura-
nyl acetate for 2 min at room temperature; excess stain 
was wicked off and specimens were rinsed with distilled 
water. Phages were subsequently visualized by TEM 
(Yıldızlı et al. 2022). 

 

2.9 Purification of bacteriophage DNA 
For DNA purification, phage filtrates were transferred to 
fresh microtubes. DNase and RNase were added to each 

tube and incubated at 37C for 30 min, followed by PEG 
8000 precipitation on ice for 1 h. Samples were centri-

fuged at 11000 rpm for 10 min at 4C; the supernatant 
was discarded, and the pellet was resuspended in 500 µL 
of resuspension buffer and transferred to new tubes. For 
each 500 µL of phage suspension, 10 µL of 0.5 M EDTA 
and proteinase K to a final concentration of 100 µg mL⁻¹ 

were added. After incubation at 50C for 30 min, genomic 
DNA was purified using the GeneJET Gel Extraction and 
Cleanup Micro Kit according to the manufacturer’s proto-
col (Yıldızlı et al. 2022).  Phage genome sizes were as-
sessed by agarose gel electrophoresis. Phage DNA was 

digested with the restriction endonuclease HindIII at 37C 
for 2 h, and the reaction was terminated by incubation in 

a water bath at 80C for 20 min (Castillo et al. 2012). The 
genomic DNA was analyzed on 0.7% agarose gels pre-
pared in Tris–boric acid–EDTA (TBE) buffer. For each bac-
terium, both HindIII-digested and undigested DNA were 
loaded. Electrophoresis was run at 70 V for 120 min (Cas-
tillo et al. 2012). The gel was then stained with ethidium 
bromide (EtBr, 1 µg mL⁻¹) for 10 min and visualized on a 
transilluminator. Chromosomal DNA sizes were estimated 
using GelPro (Yıldızlı et al. 2022). 
 

3 | RESULTS 
3.1 Isolation of bacteria 
Samples taken from fish livers, gills, and skin were inocu-
lated onto Anacker–Ordal medium and incubated at 20 – 
25°C for 3 – 5 days. Yellow-pigmented colonies, morpho-
logically resembling Chryseobacterium sp.—with a raised 
central area and finely spreading margins—were purified. 
To determine the biochemical characteristics of Chryseo-
bacterium sp. isolates, rapid diagnostic kits (API 20E and 
API ZYM, bioMérieux) were used and the biochemical 
profiles were established (Table S4). In API 20E testing, 
LDC, ODC, and VP were positive. In contrast, IN was nega-
tive in Chryseobacterium sp. 3, URE was negative in 
Chryseobacterium sp. 4, and H2S was negative in Chryseo-
bacterium sp. 6 and Chryseobacterium sp. 9. Additionally, 
unlike the other strains, CIT was negative in Chryseobac-
terium sp. 4 and Chryseobacterium sp. 6 (Table S1 – S2). 
Genomic DNA was extracted from the strains. The 16S 
rRNA gene region was amplified by PCR, and sequence 
analysis was matched to reference genomes in the NCBI 
GenBank. The similarity was 98.93%. Accession for Chrys-
eobacterium sp. 1: GenBank PP462175 (sequence ID: 
Seq1; release date: 04/08/2026 double check). 
 
3.2 Antibiotic susceptibility testing 
Antibiotic susceptibility/resistance was examined using 
the Kirby–Bauer disk diffusion method. Based on inhibi-
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tion zone diameters, susceptibility levels were interpreted 
according to CLSI and EUCAST standards. According to 
these criteria, Chryseobacterium sp. strains were suscep-
tible to enrofloxacin (ENR, 5 µg), oxolinic acid (OA, 2 µg), 
ciprofloxacin (10 µg), norfloxacin (NOR, 10 µg), and oflox-
acin (OFX, 5 µg); moderately susceptible to oxytetracy-
cline (OT, 30 µg) and minocycline (MIN, 30 µg); and re-
sistant to all other antibiotics listed in Table S3. 
 
3.3 Single-plaque isolation of bacteriophages and dou-
ble-layer agar plaque method 
Water from which the bacteria had been isolated was 
used for phage isolation. Following centrifugation, filtra-
tion, and chloroform treatment as described, the pres-
ence of phages was confirmed by the double-layer agar 
method. Nineteen lytic phages were obtained and desig-
nated CV1–CV19. 
 
3.4 Kinetic parameters of bacteriophages 
The latent period of CV5 was approximately 2.5 h, where-
as CV12 and CV9 exhibited latent periods of 8 h. The re-
maining phages had latent periods between 2, 5 and 8 h. 
The highest burst size was observed for CV5 (Table 1). 
Growth curves showed near-linear trends across phages 
(Figure 1).  Burst size values ranged between 2.55 ± 22.52 
and 235 ± 100 phage/cell across all isolates. The highest 
value was recorded for CV5 (235 ± 100 phage/cell). This 
was followed by CV16 (29.25 ± 31.41), CV18 (25 ± 17), 
CV7 (24.25 ± 29.75), CV6 (23.5 ± 29), CV4 (22.5 ± 29.16), 
and CV3 (22 ± 29). Isolates showing moderate burst size 
included CV1 (46.75 ± 37.25) and CV2 (19.25 ± 28.09). The 
lowest burst size values were observed in isolates CV8 – 

CV15, where most values clustered between 2.55 and 
2.93 phage/cell. 
 
3.5 Phage adsorption 
Adsorption data indicated that all phages began binding 
to the bacterial surface from 0 min onward (Figure 2). All 
19 phages (CV1 – CV19) showed attachment by the 5

th
 

min, with marked increases after 25 min. Notably, CV6 
and CV7 exhibited increased attachment from 20 min. By 
30 min, CV19 reached 100% adsorption, whereas CV13 
showed comparatively lower attachment. Adsorption 
kinetics further revealed time-dependent variations in 
binding efficiency among the phage isolates. In CV1, CV3, 
and CV10, a pronounced increase in attachment was ob-
served after the 10

th
 minute, whereas CV12 and CV14 

exhibited a more gradual adsorption trend. Notably, a 
rapid acceleration in binding was recorded for CV5, CV16, 
and CV18 between 20 and 25 min, approaching optimal 
adsorption levels. Overall, most isolates achieved high 
adsorption capacity before reaching the 30

th
 minute; 

however, a clear heterogeneity in attachment efficiency 
was evident across the phage population. 
 
3.6 Determination of phage host range 
Host range was assessed for the 19 phages against the 
nine Chryseobacterium sp. isolates and other species 
(Figure S1). In our study, host range was evaluated in two 
parts: (i) spot tests on the isolated Chryseobacterium sp. 
1–9 strains, and (ii) tests on other bacterial species known 
not to be the primary hosts. In the first part, the phages 
inhibited nearly all Chryseobacterium sp. host strains.  

 
 
 
 

 

 
 
 
 
FIGURE 1 Latent 
period and burst 
size. 
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TABLE 1 Latent period, burst size, genome size, and adsorption constant (K) of isolated phages. 

Faj Genome size (kb) Latent period (hour) Burst size (phage/cell) Phages adsorption constant (K) 

CV1 52 5 46,75±37,25 1.38 × 10⁻⁶ ± 1.27 × 10⁻⁶ 
CV2 55 5 19,25±28,09 1.86 × 10⁻⁶ ± 1.79 × 10⁻⁶ 
CV3 55 5 22±29 2.55 × 10⁻⁶ ± 1.69 × 10⁻⁶ 
CV4 55 3.5 22,5±29,16 2.43 × 10⁻⁶ ± 1.68 × 10⁻⁶ 
CV5 52 2.5 235±100 2.07 × 10⁻⁶ ± 1.83 × 10⁻⁶ 
CV6 52 3 23,5±29, 1.86 × 10⁻⁶ ± 2.77 × 10⁻⁶ 
CV7 52 3 24,25±29,75 2.07 × 10⁻⁶ ± 1.73 × 10⁻⁶ 
CV8 55 5 2,55±22,52 1.05 × 10⁻⁶ ± 1.32 × 10⁻⁶ 
CV9 48 8 2,55±22,52 1.86 × 10⁻⁶ ± 1.76 × 10⁻⁶ 
CV10 53 6 2,62±22,54 1.65 × 10⁻⁶ ± 1.36 × 10⁻⁶ 
CV11 48 5.5 2,675±22,56 1.59 × 10⁻⁶ ± 1.34 × 10⁻⁶ 
CV12 65 7.5 2,725±22,58 1.86 × 10⁻⁶ ± 1.44 × 10⁻⁶ 
CV13 65 7.5 2,825±22,6 1.49 × 10⁻⁶ ± 2.33 × 10⁻⁶ 
CV14 72 7 2,8±22,6 1.86 × 10⁻⁶ ± 1.76 × 10⁻⁶ 
CV15 72 7 2,925±22,64 2.07 × 10⁻⁶ ± 1.50 × 10⁻⁶ 
CV16 72 6.5 29,25±31,41 2.28 × 10⁻⁶ ± 1.61 × 10⁻⁶ 
CV17 75 6.5 2,9±22,63 1.65 × 10⁻⁶ ± 2.03 × 10⁻⁶ 
CV18 72 7 25±17 1.59 × 10⁻⁶ ± 1.41 × 10⁻⁶ 
CV19 65 7.5 2,9±25,9 1.89 × 10⁻⁶ ± 4,01 × 10⁻⁶ 

 

 

FIGURE 2 Phage 
adsorption. 

 
However, CV7 did not form plaques on Chryseobac-

terium sp.6; CV11 did not form plaques on Chryseobacte-
rium sp. 3; CV14 did not form plaques on Chryseobacte-
rium sp. 8; and CV16 did not form plaques on Chryseobac-
terium sp. 7. Additionally, turbid plaques were observed 
as follows: CV4 on Chryseobacterium sp. 8; CV7 on Chrys-
eobacterium sp. 4; CV9 on Chryseobacterium sp. 4 and 
Chryseobacterium sp. 8; CV10 on Chryseobacterium sp. 2 
and Chryseobacterium sp.; CV12 on Chryseobacterium sp. 
8; CV13 on Chryseobacterium sp. 3; CV15 on Chryseobac-

terium sp. 8; and CV16 on Chryseobacterium sp. 5. In the 
second part, CV3 and CV16 produced clear plaques on the 
pathogen F. psychrophilum, while CV3, CV4, and CV18 
produced turbid plaques on E. faecalis. 
 
3.7 Transmission electron microscopy of bacteriophages 
Prepared phage suspensions were negatively stained with 
uranyl acetate and processed for TEM visualization (Fig-
ure S2). TEM analysis of representative isolates CV1, CV2, 
CV7, and CV15 revealed well-defined viral particles with 
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distinct structural integrity, allowing clear visualization of 
capsid morphology and tail architecture. The observed 
phages exhibited uniform structural features, suggesting 
morphological consistency among the selected isolates. 
These findings confirm successful phage preparation and 
validate the reliability of TEM-based structural assess-
ment for taxonomic and morphological classification. 
 
3.8 Determination of genome size 
Genome size analysis revealed that the phage isolates 
exhibited genomic lengths ranging from 48 kb to 75 kb 
(Figure 3). The smallest genomes were observed in CV9 
and CV11 (48 kb), while the largest genome size was rec-
orded for CV17 (75 kb). A cluster of isolates, including 
CV1, CV5, CV6, and CV7, displayed genome sizes of 52 kb, 
whereas CV2, CV3, CV4, and CV8 shared a similar size of 

55 kb. Moderately larger genomes were identified in 
CV10 (53 kb) and CV12, CV13, and CV19 (65 kb). Isolates 
CV14, CV15, CV16, and CV18 exhibited genome sizes of 72 
kb, representing the second highest size group. Overall, 
the data demonstrate a heterogeneous genomic distribu-
tion, with isolates forming distinct size groups that reflect 
variability in their genomic architecture. 
 
4 | DISCUSSION 
In this study, the role of Chryseobacterium sp. as an im-
portant pathogen in aquaculture was examined, and data 
were generated toward phage-based control strategies 
against this bacterium. Because no prior studies exist for 
the isolated taxon, comparisons are made with previously 
described Chryseobacterium species. 

 

 
FIGURE 3 Genome sizes of Chryseobacterium sp. phages. 
 

We conducted a detailed analysis of kinetic parame-
ters for 19 phages isolated from nine Chryseobacterium 
strains, determining single-step growth metrics including 
latent period, burst size, and adsorption rate constant. 
Overall, the values align with those reported for other 
aquatic phages. Some Chryseobacterium phages have 
short latent periods of ~20 – 30 min–comparable to 
phages of similar Gram-negative aquatic pathogens. In-
deed, for the phage MA9V-1 infecting Chryseobacterium 
indologenes, the latent period is ~20 min (Zou et al. 
2023). Nonetheless, latent times can vary markedly with 
temperature and host growth rate, ranging from ~10 min 
to 2 h in aquatic systems (Fister et al. 2016). Burst sizes 
among our phages also varied: some produced ~10 – 20 
progeny per cell, whereas others reached 50 – 100. While 
MA9V-1 exhibits a relatively low burst size (~10 PFU cell

–1
) 

(Zou et al. 2023), certain broader-host-range phages in-
fecting Vibrio spp. may exceed 300 (Fister et al. 2016), 
reflecting differences in genomic architecture and life-
history strategies. With respect to adsorption, most of 
our 19 phages bound rapidly to host cells; similarly, many 
aquatic phages adsorb to >50% of cells within 5 – 10 min 
MA9V-1 reaches ~75% binding within 8 min (Zou et al. 
2023). Overall, our phages exhibit short latent periods (<1 
h), moderate burst sizes, rapid adsorption, comparable to 
other Flavobacteriaceae phages. 

Host-range analyses for our 19 phages encompassed 
both intraspecific (multiple strains of the same species) 
and interspecific (different species) levels. The general 
trend indicates narrow host ranges: individual phages 
typically infect only the isolation host or very closely re-
lated strains. This high specificity is widely reported for 
lytic phages (Donati et al. 2021). For example, MA9V-1 
infects only C. indologenes strains and does not form 
plaques on Gram-positive bacteria or other Gram-
negative genera (e.g. Bacillus, Pseudomonas, and Esche-
richia coli) (Zou et al. 2023). Intraspecifically, some phag-
es can lyse several strains of the same Chryseobacterium 
species, whereas others lyse only one or two. Analogous-
ly, among phages of F. psychrophilum, some infect 5/28 
strains while others infect up to 23/28, each phage exhib-
iting a unique host pattern. This underscores specializa-
tion even within a single bacterial species. Interspecifical-
ly, most of our phages formed plaques only on their pri-
mary Chryseobacterium hosts or closely related strains; a 
few exceptions infected more than one Chryseobacterium 
species. None infected distant genera; host range did not 
extend beyond Flavobacteriaceae. Although rare “polyva-
lent” phages can cross family boundaries, such breadth is 
exceptional and was not observed here. The high specific-
ity reflected by our isolates is therefore consistent with 
canonical phage–host interactions. 
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Molecularly, phage infection resembles a key–lock 
fit: tail fibers or spike proteins recognize specific recep-
tors (e.g. O antigens, porins, flagella, and pili) on the bac-
terial surface. Thus, each phage infects bacteria compati-
ble with its receptor-binding protein (RBP) repertoire. 
Although comprehensive genomics of our 19 phages is 
pending, Chryseobacterium phages are frequently tailed 
phages within Caudoviricetes, bearing specialized RBPs. 
MA9V-1, for example, displays a hemicosahedral head 
(~121 nm) and a contractile tail (~170 nm), consistent 
with a myovirus-like morphology (Zou et al. 2023). Its 
narrow host range implies RBPs targeting a specific C. 
indologenes surface determinant (e.g. an LPS epitope or 
outer-membrane protein). A second determinant is host 
defense. Even after DNA injection, restriction–
modification systems or CRISPR–Cas can degrade phage 
genomes. In the natural “arms race” between Flavobacte-
rium columnare and its phages, CRISPR spacers accumu-
late in the bacterium while phages accrue mutations in 
protospacers to evade recognition (Laanto et al. 2017). 
Phages may evolve anti-CRISPR proteins or DNA modifica-
tions to resist restriction. These mechanisms co-define 
host specificity. In our context, phages infecting multiple 
Chryseobacterium species likely target a receptor shared 
among those species; highly strain-specific phages proba-
bly recognize unique, strain-level structures. Future ge-
nomic analyses (e.g. tail fiber/RBP gene diversity) will 
clarify these molecular bases of specificity. For now, the 
literature supports that RBPs and host defense systems 
jointly shape phage host range (Laanto et al. 2017). 

The genus Chryseobacterium encompasses oppor-
tunistic pathogens of environmental, clinical, and aqua-
culture relevance. Some species (e.g. C. scophthalmum 
and C. balustinum) cause fish infections and economic 
losses (Mallik et al. 2023), whereas others (e.g. C. indolo-
genes and C. gleum) can lead to difficult-to-treat human 
infections (Izaguirre-Anariba and Sivapalan 2020). Against 
Chryseobacterium-associated infections, bacteriophages 
offer an alternative therapeutic approach, regaining at-
tention amidst escalating antibiotic resistance (Donati et 
al. 2021). Chryseobacterium strains often harbor multi-
drug-resistance determinants (e.g. β-lactamases). Phages, 
by contrast, can selectively kill the pathogen while sparing 
commensal microbiota. Encouraging outcomes have been 
reported against aquatic pathogens in Flavobacterium 
and Chryseobacterium. For instance, phage FCL-2 reduced 
mortality from columnaris disease caused by F. columnare 
and lowered pathogen load in water (Laanto et al. 2015). 
Likewise, the MA9V-1 phage targeting the plant pathogen 
C. indologenes MA9 mitigated disease in vivo when ap-
plied to infected roots (Zou et al. 2023) demonstrating 
broader translational potential beyond animals. Phage 
cocktails are a key strategy to overcome narrow host 
ranges: combining phages that target different strains 
expands coverage and slows resistance evolution (Donati 

et al. 2021). Our panel of 19 phages provides a candidate 
pool for such cocktails—for example, pairing phages ac-
tive against C. balustinum-like strains with those targeting 
C. indologenes-like strains to jointly suppress both groups. 
Safety and stability are critical for application. Absence of 
integrases, toxins, and antibiotic-resistance genes in 
phage genomes would support their suitability as thera-
peutic lytic phages (Zou et al. 2023). Environmental stabil-
ity (temperature, pH) and production/administration lo-
gistics also matter: many aquatic phages remain stable 

between ~4 – 30C and across broad pH ranges; some 

Vibrio phages tolerate up to 45C and pH 5 – 8 (Fister et 
al. 2016). Similar assessments are needed for our Chrys-
eobacterium phages to evaluate field applicability in aq-
uaculture. 

In summary, each of the 19 phages isolated here 
represents a candidate biocontrol agent against Chryseo-
bacterium-driven infections under appropriate conditions. 
Contemporary literature increasing success stories in 
phage therapy and emphasizes that high host specificity 
enables elimination of target pathogens with minimal 
ecological perturbation (Fiedler et al. 2023).  

An inevitable consideration in both applied and nat-
ural phage use is bacterial resistance and its ecological 
consequences. Bacteria frequently evade phages through 
mutations in surface receptors that block adsorption, 
leading to rapid selection of resistant variants. In F. co-
lumnare, phage-resistant mutants show altered surface 
structures and reduced virulence in fish, suggesting a fit-
ness cost associated with resistance (Kunttu et al. 2021). 
However, not all resistance mechanisms impose such 
costs; CRISPR–Cas systems, for example, can eliminate 
phage DNA without apparent metabolic burden. Addi-
tional defense strategies include restriction–modification 
systems and abortive infection (Abi), where infected cells 
undergo altruistic death to prevent phage spread, reflect-
ing an ongoing coevolutionary arms race (Laanto et al. 
2017). In therapeutic contexts, phage cocktails and se-
quential phage application are recommended to delay 
resistance development (Donati et al. 2021). Using multi-
ple phages reduces resistance risk but requires ongoing 
monitoring and rotation. 

Phages regulate bacterial communities through “kill-
the-winner” dynamics and contribute to nutrient cycling 
via the “viral shunt” (Wommack and Colwell 2000). In 
aquaculture, they can naturally reduce pathogen loads, 
and supplemental phage application is useful when en-
dogenous pressure is low. Owing to their narrow host 
range, phage treatments typically cause minimal microbi-
ota disruption (Fiedler et al. 2023); for example, targeting 
F. columnare reduced only the pathogen (Fiedler et al. 
2023). Although transduction is a potential ecological 
concern, strictly lytic phages pose low risk when genomes 
lack harmful genes. 
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5 | CONCLUSIONS 
This study provides an integrated characterization of 
aquatic Chryseobacterium isolates, revealing overall taxo-
nomic consistency but notable variation in biochemical 
traits, substrate utilization, and antibiotic sensitivity, likely 
shaped by micro-habitat conditions and phage pressure. 
The nineteen isolated phages showed rapid adsorption, 
short latent periods, moderate burst sizes, and mainly 
narrow host ranges, indicating efficient and highly specific 
lytic activity suitable for targeted phage therapy and eco-
logical control in aquaculture. 

Future applications include developing strain-
tailored phage cocktails as sustainable alternatives to 
antibiotics. Advancing this approach will require combin-
ing phenotypic data with genomic and proteomic anal-
yses to clarify determinants of host range, resistance, and 
environmental stability, supported by comparative ge-
nomics, metagenomics, in vivo trials, and long-term moni-
toring. Overall, the findings underscore the strong poten-
tial of phage-based strategies for sustainable pathogen 
control and reduced antimicrobial use in aquaculture. 
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